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a b s t r a c t
For the development of advanced hemocompatible biomaterial functions, there is an unmet demand for
in vitro evaluation techniques addressing platelet-surface interactions. We show that the quartz crystal
microbalance with dissipation (QCM-D) monitoring technique, here combined with light microscopy,
provides a surface sensitive technique that allows for real-time monitoring of the activation and aggre-
gation of the surface-conﬁned platelets on TiO2. The QCM-D signal monitored during adhesion andeywords:
latelet activation
ggregation
iO2
CM-D
activation of platelets on TiO2 coated surfaces was found to be different in platelet-poor and platelet-
rich environment although light microscopy images taken for each of the two cases looked essentially
the same. Interestingly, aggregation of activated platelets was only observed in a protein-rich environ-
ment. Our results show that a layer of plasmaproteins between the TiO2 surface and the platelets strongly
inﬂuences the coupling between the platelets and the underlying substrate, explaining both the observed
ility
2014QCM-D signals and the ab
©
. Introduction
The understanding of platelet interactions with blood com-
onents and the vessel wall, as well as with biomaterials, is of
undamental interest for platelet function and also for the devel-
pment of blood-contacting medical devices. In particular, the
dhesion of platelets followed by aggregation or thrombus forma-
ion around a biomaterial is usually unwanted. Clinical trials and
n vivo studies will always be required to assess hemocompatibilty
nd thrombogenicity of biomaterials, but in order to promote bio-
aterial development there is ademand for advancementof in vitro
valuation techniques, which can be used to screen biomaterial
unction.
Commonly, the method of choice for the study of the inter-
ction between platelets and a biomaterial surface has been
lectron or ﬂuorescence microscopy. These studies have mostly
een performed as end-point experiments following upon ﬁxation
f platelets, and there are only fewexamples in the literaturewhere
ctivation or aggregation of surface-conﬁned platelets have been
onitored in real-time using, e.g., video microscopy [1].
The development of surface-sensitive analytical techniques will
hange this situation, and especially acoustic sensing techniques,
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such as the quartz crystal microbalance (QCM) technique, are
emerging as tools to study cell attachment and spreading as well
as the responses of surface-conﬁned cells to external stimuli (lead-
ing to cytoskeletal rearrangements) [2,3]. In the ﬁrst QCM platelet
report, the adhesion of washed platelets onto sensors coated with
bovine serumalbuminor collagenwas studied [4]. As inmanyof the
early QCM studies of cells interacting with surfaces, the interpre-
tation of the observed signals in this study was difﬁcult. Over the
years, the QCM technique has been further developed, and mod-
els to describe the QCM signals in liquid have been introduced
[5–7]. Yet, the interpretationof cell experimentsperformedbyQCM
remains ambiguous.
With respect to platelets, the main aim for QCM studies this far
has been to monitor platelet adhesion and to relate the QCM signal
to the degree of platelet aggregation in the sample. Thus, platelets
were stimulated prior to the QCM experiments, and injected to
the sensor surface after aggregation. For example, Fatisson et al.
studied platelet adhesion to protein–coated sensor surfaces (using
human serum albumin and ﬁbronectin) and correlated the signal
to the degree of spreading on the sensor surface [8,9]. Sinn et al.
made a direct comparison between QCM and optical aggregometry
[10]. They showed the QCM signal to be different for aggregated
and non-aggregated platelets on Au or ﬁbrinogen-coated sensors.
In the most recent study, Santos-Martinez et al. quantiﬁed the
aggregation of platelets that had been pre-incubated with differ-
ent types of nanoparticles using the QCM technique [11]. All of
Open access under CC BY-NC-ND license.these studies clearly show that QCM can be used to distinguish
the adhesion of aggregated platelets from that of non-aggregated
platelets, but the interpretation of the observed signals remained
elusive. One reason for these difﬁculties is that the observant has
 license.
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een literally blind, as the use of a closed module has not allowed
maging of cell attachment during the QCM experiment at the
ensor surface. We [12] and others [13,14] have recently demon-
trated that a combined QCM-D/microscopy set-up can be used to
vercome this problem. Lord et al. used QCM-D combined with ﬂu-
rescence microscopy to monitor cell adhesion to tantalum and
xidized polystyrene coated with various proteins [13] and fur-
hermore to show remodeling of the extracellular matrix during
ell adhesion on these surfaces [14]. In the most recent study by
ymchenko et al., it was demonstrated that changes in the moni-
ored QCM-D signals correlated to morphological changes, induced
y a cytomorphic agent, in cells observed simultaneously by light
icroscopy.
In the present study, we have made use of a combined QCM-
/light microscopy set-up (including a windowed QCM-D module)
o monitor the activation of surface-conﬁned platelets on TiO2-
oated QCM-D sensors. TiO2 is one of the most frequently used
aterials for various implants due to its outstanding biocompati-
ility [15,16].
Our aim was to monitor the activation of surface-conﬁned
latelets in real-time and to characterize the adhesion of platelets
o TiO2-coated surfaces. A comparison of results obtained for
rotein-rich and protein-poor conditions was important not only
o show the inﬂuence of plasma proteins at the interface, but also
o let us make an assumption about the nature of the linking of the
latelets to the underlying substrate.
. Material and methods
.1. Chemicals
Unless otherwise speciﬁed, analytical grade of commer-
ially available reagents were used. Water was deionized
resistivity >18.2m/cm) and puriﬁed (MilliQ plus, Milli-
ore, France). Phosphate-buffered saline (PBS) was prepared
y dissolution of tablets from Sigma in MilliQ water. Platelet
dditive solution (PAS, 2.94 g NaCitrat× 2H2O, 4.08 g NaAc-
tat×3H2O, 6.75 g NaCl ad 1000mL, pH 7.2) was purchased from
acoPharma Nordic AB, Helsingborg, Sweden. Oligo-ethylene
lycol (OEG) disulﬁdes with biotin groups (dS-OEG-biotin, struc-
ure: –[S–C2H4–CO–NH–(CH2–O–CH2)9–NH–CO–C4H8–Biotin]2,
W: 1539.9Da) were purchased from Polypure, Norway. Strep-
avidin (Sigma) were aliquoted in water and stored at −20 ◦C.
hrombin receptor activation peptide 6 (TRAP-6, Sigma) was
issolved in water and stored as aliquots for maximum 4
eeks. Human serum albumin (HSA, Sigma) was dissolved in
BS prior to ﬂuorescence microscopy experiments. CD62-PE
nd FITC conjugated CD61 antibodies were purchased from BD
iosciences.
.2. Human platelet isolation
All platelets were derived from blood donors at the Regional
lood Bank at Sahlgrenska University Hospital. The blood donors
ere selected according to the standard procedure of the
lood bank. Blood donors gave informed consent for the use
f the blood components in the study by signing the health
uestionnaire.
.2.1. Pooled buffy coat platelets
The buffy coat derived platelets were prepared from buffy coatsonated by four regular whole blood donors. Whole blood units
ere collected in bottom-and-top bags containing 63mL citrate-
hosphate-dextrose (CPD) as anticoagulant (MacoPharma Nordic
B, Helsingborg, Sweden). The whole blood units were hard spinBiointerfaces 116 (2014) 446–451 447
centrifuged (4880× g for 11min at 23 ◦C; RotoSilenta RS, Het-
tich Lab Technology, Sollentuna, Sweden) and the buffy coat was
separated from the red blood cells and the plasma using Maco-
press Smart (MacoPharma Nordic AB, Helsingborg, Sweden). Next,
the buffy coats were pooled together with platelet additive solu-
tion (PAS, SSP) and the pool was processed in TACSI (Terumo
BCT Europe, Zaventem, Belgium) to separate the remaining
red cells. The residual plasma content was approximately
20%.
Samples from the pooled platelets were taken aseptically from
the bag using a separate sampling bag. The platelet count was mea-
sured with clinical standard methods.
The washed platelets were obtained by centrifugation (200× g
for 5min) of the collected sample. The supernatant was discarded
and PAS added. The procedure was repeated twice. Finally, the
platelet pellet was dissolved in 3mL of PAS and the platelet count
was measured.
2.3. Platelet poor plasma
Whole blood units were collected from regular blood donors
in bottom-and-top bags (MacoPharma Nordic AB, Helsingborg,
Sweden) containing 63mL citrate-phosphate-dextrose (CPD) as
anticoagulant. The whole blood units were hard-spin-centrifuged
(4880× g for 11min at 23 ◦C) and the buffy coat was sepa-
rated from the red blood cells and the plasma using a blood
expander platform (Macopress Smart, MacoPharma Nordic AB).
Plasma was collected from AB RhD+ donors and stored in −20 ◦C
until use.
2.4. Modiﬁcation of QCM-D sensor surfaces
AT-cut quartz crystals with a fundamental frequency of 5MHz
coated with Au were purchased from Q-Sense AB.
A 65nm thick layer of TiO2 was sputtered on the top electrode
of the Au crystals. Prior to the experiment the crystalswere cleaned
in a 10mM sodium dodecyl sulfate aqueous solution (overnight),
rinsed thoroughly with water, dried under N2, and treated with
UV/ozone for 3 times 15min with rinsing and drying in between.
2.5. QCM-D
The principle of QCM-D relies on the sharp and stable oscillation
resonance when an electric AC ﬁeld is applied over the electrodes.
The surface of the disk-shaped sensor performs a shear oscillation,
i.e., a periodic motion parallel to the sensor surface. The frequency
of this oscillation is reduced when mass is attached to the surface
and increases when mass is detached. Recording of this frequency
shift, f, thus gives information about the attached/detached mass
to the sensor surface. The second measured quantity in QCM-D is
the energy dissipation, D, (or damping) of the oscillator. Formally
D is deﬁned as the fraction of the total energy stored in the oscil-
lator that is dissipated during one oscillation cycle. This means that
the D factor is important to characterize the viscoelastic proper-
ties of the mass coupled to the oscillator.
QCM-D experiments were performed using a Q-Sense E1 unit
(BiolinScientiﬁc/Q-Sense, Göteborg, Sweden) equipped with a
standard window module that allows for simultaneous visualiza-
tion of platelets on the sensor surface. A polarized light microscopy
(Leica DM4000M) equipped with a 10× objective was used for
imaging.
All measurements were carried out at 37 ◦C. Platelets were
injected at a concentration of 200,000platelets/L. QCM-D graphs
display the frequency and dissipation shift recorded for the fun-
damental frequency of the oscillating quartz sensor. For platelet
activation, TRAP-6 was injected at a ﬁnal concentration of 64M.
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complementary experiments were performed separately using ﬂu-
orescencemicroscopy (Fig. 2). Twoﬂuorescently labeled antibodies
were used: anti-CD61 that binds to glycoprotein IIIa to identify
Table 1
Mean values and the corresponding standard deviation of the frequency shift f
and dissipation shift D for the set of four independent experiments shown in
Figs. 1 and 3.
Protein-rich Protein-poorig. 1. QCM-D frequency and dissipation versus time curves (upper panels) and ligh
urfaces in (A) presence of plasma proteins and (B) without plasma proteins. Light
njection of TRAP-6.
QCM-D signals were ﬁtted to the viscoelastic model [6] imple-
ented in QTools (Q-sense AB, Sweden) to estimate the thickness
f the adsorbed viscoelastic layer (here plasma proteins).
.6. Fluorescence microscopy
Fluorescence microscopy images were taken to verify platelet
ctivation using an Axioplan 2E MOT microscope (Carl Zeiss AG,
ermany) equipped with a 20× objective. QCM-D sensors sputter-
oated with TiO2 were cleaned following the protocol described
bove and placed in petri dishes. Sensors were incubated in
ither platelet poor plasma to allow for saturation with plasma
roteins or in storage solution for 45min at 37 ◦C. In the next
tep, platelets were added to the sensor surfaces at concentra-
ion of 200,000platelets/L either in plasma or storage solution
nd allowed to attach for 120min at 37 ◦C. After washing with
PP and PAS, respectively, platelets were activated by addition of
4M TRAP-6. After 30min, platelets were washed with PBS and
ncubated for 2h with 1% paraformaldehyde at room temperature.
fterwards, the sensors were washed with PBS and incubated for
0min with 1% human serum albumin at 37 ◦C for blocking of
nspeciﬁc binding to the substrate. After a further washing step,
he sensorswere incubatedwithCD61orCD62Pantibodies, respec-
ively. A FITC conjugatedCD61- antibodywasused for thedetection
f platelet glycoprotein IIIa. Platelet activation was detected with a
E-conjugated CD62P-PE antibody binding to P-selectin expressed
n activated platelets.
. Results and discussion
.1. Activation and aggregation of surface-conﬁned platelets
The aim of the present study is to show the potential of QCM-
for real-time monitoring of the activation of surface-conﬁned
latelets. We used TRAP-6 (thrombin receptor activation peptide
), a synthetic peptide that can reproduce thrombin-induced cellu-
ar effects, for theactivationofplatelets inplasma (PRP) andwashed
latelets in platelet additive solution (PAS), i.e., in protein-rich and
rotein-poor conditions, respectively.oscopy (lower panels) images of platelets activation and aggregation on TiO2 coated
scopy images were taken during the QCM-D experiment, before and 10min after
Fig. 1 shows the QCM-D frequency and dissipation versus time
curves (Fig. 1, upper panels) for the activation of platelets attached
to the TiO2-coatedQCM-Dsensor uponadditionof TRAP-6 (64M).
Quite different QCM responses were observed for the protein-rich
(Fig. 1A) and the protein-poor (Fig. 1B) conditions. For platelets
in the protein-rich condition, decreasing frequency and dissipa-
tion signals, accompanied by a visible aggregation, are observed
after injection of TRAP-6 (Fig. 1A and Table 1). It is interesting to
note that both of the QCM-D signals, the frequency and the dis-
sipation, decreased, although commonly, a decrease in frequency
(mass load) is commonly accompaniedby an increase in dissipation
(increase in viscosity) (up to a certain layer thickness).
For platelets under the protein-poor condition, no aggregation
could be observed by light microscopy, despite a clear response in
theQCM-Dsignal (Fig. 1B).However, compared to theQCM-Dsignal
observed in protein-rich conditions, the response is more complex
(Fig. 1B, upper panel). After stabilization of the signal, the net shifts
in frequency and dissipation are both positive (Fig. 1B, upper panel
and Table 1). Again, wewant to point to the unusual behavior of the
QCM-D signal, i.e., both dissipation and frequency shifts increased
(by comparing the values before and after activation).
In both of the described cases, the QCM-D signals are taken
as indicatives for the activation of platelets conﬁned to the TiO2
surface.
In order to verify platelet activation, in particular in case
of protein-poor condition, where no aggregation was observed,f/Hz D/10−6 f/Hz D/10−6
Plasma proteins −(113±6) +(28±2) – –
Platelets −(13±3) +(6±2) −(335±43) +(272±30)
TRAP-6 −(19±2) −(5±2) +(19±6) +(75±18)
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Fig. 2. Fluorescence microscope images of non-activated and activated platelets on TiO2 coated sensors under protein-rich and protein-poor conditions. CD61 (green) is a
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tarker for platelet glycoprotein IIIa whereas CD62P is used for the detection of P-s
his ﬁgure legend, the reader is referred to the web version of this article.)
ll platelets, and anti-CD62P that binds to P-selectin to identify
ctivated platelets. Experiments were carried out similarly to the
CM-D experiments, except that the sensors were modiﬁed ex-situ
n petri dishes. Attached plateletswere observed under both condi-
ions, corresponding to platelets in plasma containing proteins and
latelets in protein-free PAS (Fig. 2, left). Binding of anti-CD62Pwas
bservedafter activationwithTRAP-6underboth conditions (Fig. 2,
ight). Similarly to the light microscopy results above, aggregation
f platelets in the case of protein-coated surfaces was found after
ctivation with TRAP-6 (Fig. 2, top, right). These observations con-
rm that the observed QCM-D signal after addition of TRAP-6 can
e correlated to the activation of the surface-conﬁned platelets.
Taking a closer look at the monitored QCM-D signals during
latelet activation, we observe that the signals with and without
lasma proteins are very different. However, both signals indi-
ate changes in the viscoelastic properties of the platelets during
ctivation. In our study, we observed a decrease in frequency
ccompanied with a decrease in the presence of plasma proteins
hilst the opposite was observed in the absence of plasma pro-
eins. Furthermore, aggregation was only observed in presence of
roteins. One reason for the observed difference might be the lack
f proteins like ﬁbrinogen acting as a “crosslinker” during platelet
ggregation.[17] However, performing control experiments where
RAP-6 was added in solution containing plasma proteins essen-
ially the same QCM-D signal together with the absence of visible
ggregation was observed (data not shown). Thus, we suggest that
he observed different behaviors in protein-rich and protein-poor
s due to a difference in the nature of the layer linking the platelets
o the substrate.[18] To us, it is reasonable to assume that the
nterfacial layer linking the platelets to the substrate is different in
rotein-poor and protein-rich environments. In order to elucidate
he linking of the platelets to the underlying substrate, we exam-
ned the attachment of platelets to TiO2-coated sensor surfaces
nder protein-rich and protein-poor conditions.
.1.1. Platelet adhesion to TiO2 surfaces
Fig. 3A shows the QCM-D signals–frequency and dissipation
ersus time curves–recorded upon adhesion of platelets under
rotein-rich conditions toTiO2–coated sensor surfaces (i.e., platelet
ich plasma (PRP)). The sensor surface was in a ﬁrst step sat-
rated with plasma proteins by applying platelet poor plasma
PPP) (Fig. 3A, upper panel) giving rise to a signiﬁcant drop in the
esonance frequency accompanied by a distinct dissipation shift
Table 1) indicating the adsorption of a viscous layer of proteins on
op of the TiO2 surface. After stabilization of the signal, plateletsn expressed on activated platelets. (For interpretation of the reference to colour in
(PRP) were injected over the surface that had been saturated with
the plasma proteins. Essentially, no changes in the frequency and
the dissipation shifts compared to the distinct shifts for proteins
adsorption were observed. Despite the small signals observed by
QCM-D, images taken with the light microscope at 45min clearly
show the presence of platelets (Fig. 3A).
In contrast to the small QCM-D signal observed for PRP, we
observed large signals in both frequency and dissipation upon
adsorption ofwashed platelets to the sensor surface under protein-
poor conditions (Fig. 3B and Table 1). Interestingly, the frequency
and dissipation shifts decrease and increase, respectively, con-
tinued when the platelet solution was changed back to PAS, i.e.,
when removing platelets from bulk solution, indicating structural
rearrangements in the layer on the sensor surface which where
independent of the presence of platelets in bulk solution. Images
taken of the sensor surface at 55min clearly show the presence of
platelets (Fig. 3B) similarly to images taken for platelets adsorbed
from PRP (Fig. 3A).
Thus, in brief, when comparing the light microscopy images of
platelets on TiO2 surfaces, we did not observe a clear difference
between the protein-rich and the protein-poor conditions, but in
the acoustical signal we observed drastic differences between the
two conditions.
In the case ofwashedplatelets, i.e., in the absence of plasmapro-
teins, the observed frequency signal for the attachment of platelets
onto the TiO2 surface is as expected if platelets are assumed to
be “spherical” viscoelastic particles. In other words, the QCM-D
directly senses the adhering platelets as an increase of mass and
a corresponding decrease of the resonant frequency. However, for
the protein-rich condition, i.e., with plasma proteins, the QCM-D
signal is perhapsunexpectedly low(keeping inmind thatweclearly
observed platelets attaching to the sensor surface with microscopy
and that we were able to monitor the subsequent activation). In
order to understand this ﬁnding, we have to take into account
that the QCM-D sensor surface was saturated with a protein layer
prior to platelet adhesion. In other words, platelets “land” on a
thick and soft protein layer or cushion, potentially prone to struc-
tural rearrangements, and not directly on the TiO2 surface. This
protein cushion needs to be taken into account when interpreting
the observed QCM-D signal, there are different possible scenarios:
(i) the protein layer is simply too thick, i.e., it is thicker than the
sensing depth of the QCM-D technique which will thus not be sen-
sitive to the platelets; (ii) the additional mass added to the protein
layer occurs in a regime where the QCM-D technique is insensi-
tive as a consequence of the thickness and viscoelastic properties
450 A. Kunze et al. / Colloids and Surfaces B: Biointerfaces 116 (2014) 446–451
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ich environment and (B) a protein-poor environment. Light microscopy images we
xperiment.
f the sensor adlayer (see e.g., Voinova et al. [5,6]); (iii) there is a
earrangement in the protein-water-platelet-layer during platelet
dhesion cancelling the effect of platelet adhesion so that the net-
oading of the QCM-D sensor does not change; (iv) the nature of
he (mechanical) bond between the platelets is too “weak” to sig-
iﬁcantly affect the QCM-D signal, although the platelets are still
ithin the sensing depth of the QCM-D. The ﬁrst scenario is not
ikely since the calculated thickness of the protein layer is around
0nm (estimated using a viscoelastic model, see Section 2) and the
ensing depth of the fundamental frequency of the QCM-D inwater
s 250nm, thusmore than 6 times the thickness of the protein layer.
herefore, any additional material, such as platelets, adsorbed to
he protein layer should be sensed. The second argument seems
ot to apply either. Simulations based on the Voigt model for vis-
oelastic elements have shown that either the frequency or the
issipation is insensitive to the additional mass at a certain regime,
ut never both at the same time [6]. In our case, we observed
o signal neither for the frequency, nor for the dissipation in the
rotein-rich environment, which let us exclude this argument. The
hird argument raised above, a rearrangement of proteins and cou-
led water during platelet adsorption, is not likely to be the main
eason for the observed differences since we observed frequency
nd dissipation shifts of platelets adhering to TiO2 surfaces with-
ut proteins to be 10 times higher than the shifts observed for the
Fig. 4. Schematic illustration of the suggested scenario of plateleoscopy (lower panels) of platelets adhering on TiO2 coated surface in (A) a protein-
en during the QCM-D experiment, before injection of platelets and in the end of the
adhesion of plasma proteins. Thus, if platelets would displace pro-
teins, there should be a clear net shift in both frequency and
dissipation. Instead, we suggest the last scenario to be the most
likely one, i.e., where a difference in the layer linking between the
platelets to the substrate explain the observed difference in the
QCM-D signal. This would be in agreement with previous ﬁndings
by Johannsmann et al. showing that the QCM-D signal observed
upon adsorption of nanoparticles is not dependent on the core
properties of these particles but rather on the geometry of their
attachment to the surface [18]. Since platelets do not adhere to
most plasma proteins, but are known to adhere to TiO2, [19] it
seems likely that the binding to TiO2 is stronger than to TiO2 cov-
ered with plasma proteins (Fig. 4). It is not easy to predict but one
may assume the QCM-D signal to be higher if the crystal had been
precoated with a deﬁned protein that allows for strong attachment
of the platelets.
The above interpretation of the different nature of linking of
the platelets to the underlying substrate also helps to explain the
different behaviors observed upon activation of surface-conﬁned
platelets in protein-rich vs. protein-poor conditions. In the protein-
rich environment, platelets are weakly connected to the surface via
the proteins, meaning that the binding to the proteins as such is
weak or, that the interactions between the proteins in the protein
layer closest to the sensor surface are weak. Thus, upon activation,
t adhesion and activation on TiO2 coated sensor surfaces.
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[
[
[
[
[
[15] B. Kasemo, J. Prosthet. Dent. 49 (1983) 832.A. Kunze et al. / Colloids and Surfac
he protein cushion between the platelets and the surface allows
he platelets to “move” over the surface and to aggregate. In the
rotein-poor environment, the platelets are ﬁrmly bound to the
ubstrate, and cannot “move” over the surface (Fig. 3) and as a con-
equence, they cannot aggregate. The fact that platelets are ﬁrmly
ttached to the surface and thus are unable to aggregate upon acti-
ation provides the ability to study platelet activation separated
rom platelet aggregation. This is a great advantage compared to
ost activation assays where platelets are in bulk solution and
ggregation is inevitable upon activation.
. Conclusion
Using QCM-D in combination with light microscopy, we were
ble to monitor activation of surface-conﬁned platelets on TiO2-
oated surfaces in real-time. The results of our study clearly show
hat the QCM-D signal depends on the nature of the interfacial
ayer between the platelets and the underlying substrate. This
nding together with ongoing studies along these lines using dif-
erent surface modiﬁcations (e.g. extracellular matrix mimics and
ipid membranes) will bring us closer to a physical model for the
bserved QCM-D signals in cell studies. We also want to highlight
he major advantage of the combination of real-time monitoring of
urface-conﬁned platelets using QCM-D in combination with light
icroscopy compared to most common assays used for platelet
tudies, it is not only more convenient, it will also allow for more
etailed understanding of the platelet-surface interactions, and
urthermore it allows to study platelet activation separated from
latelet aggregation. All together this will pave the way towards
ore advanced testing of the blood-compatibility of futuremedical
evices.
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